In mammals, Up-frameshift proteins (UPFs) form a surveillance complex that interacts with the exon junction complex (EJC) to elicit nonsense-mediated mRNA decay (NMD). UPF3b is the component of the surveillance complex that bridges the interaction with the EJC. Here, we report the 3.4 Å resolution crystal structure of a minimal UPF3b-EJC assembly, consisting of the interacting domains of five proteins (UPF3b, MAGO, Y14, eIF4AIII, and Barentsz) together with RNA and adenylyl-imidodiphosphate. Human UPF3b binds with the C-terminal domain stretched over a composite surface formed by eIF4AIII, MAGO, and Y14. Residues that affect NMD when mutated are found at the core interacting surfaces, whereas differences between UPF3b and UPF3a map at peripheral interacting residues. Comparison with the binding mode of the protein PYM underscores how a common molecular surface of MAGO and Y14 recognizes different proteins acting at different times in the same pathway. The binding mode to eIF4AIII identifies a surface hot spot that is used by different DEAD-box proteins to recruit their regulators.
Edited by John Kuriyan, University of California, Berkeley, CA, and approved April 19, 2010 (received for review January 25, 2010) In mammals, Up-frameshift proteins (UPFs) form a surveillance complex that interacts with the exon junction complex (EJC) to elicit nonsense-mediated mRNA decay (NMD). UPF3b is the component of the surveillance complex that bridges the interaction with the EJC. Here, we report the 3.4 Å resolution crystal structure of a minimal UPF3b-EJC assembly, consisting of the interacting domains of five proteins (UPF3b, MAGO, Y14, eIF4AIII, and Barentsz) together with RNA and adenylyl-imidodiphosphate. Human UPF3b binds with the C-terminal domain stretched over a composite surface formed by eIF4AIII, MAGO, and Y14. Residues that affect NMD when mutated are found at the core interacting surfaces, whereas differences between UPF3b and UPF3a map at peripheral interacting residues. Comparison with the binding mode of the protein PYM underscores how a common molecular surface of MAGO and Y14 recognizes different proteins acting at different times in the same pathway. The binding mode to eIF4AIII identifies a surface hot spot that is used by different DEAD-box proteins to recruit their regulators. N onsense-mediated mRNA decay (NMD) is an eukaryotic quality control process that subjects mRNAs with premature translation termination codons (PTCs) to rapid degradation. The pathway is active on PTC-containing transcripts that originate from genes that are mutated or are physiologically regulated by NMD, as well as from errors occurring during pre-mRNA synthesis or processing (reviewed in refs. 1 and 2). From a mechanistic standpoint, NMD factors are recruited to an mRNA when translating ribosomes recognize a stop codon as premature by sensing the presence of a second signal downstream (reviewed in refs. 1 and 3). Whereas the three central NMD effectors (the Up-frameshift proteins UPF1, UPF2, and UPF3) are conserved across species, the nature of the downstream signal varies (reviewed in refs. 4 and 5) . The exon junction complex (EJC) is the most common and best-studied signal that is required for efficient NMD in mammals.
The EJC is a multiprotein complex that is deposited on spliced mRNAs in the nucleus, upstream of the position where an intron has been removed (6) . Four proteins, including the heterodimer MAGO-Y14, the DEAD-box protein eIF4AIII, and Barentsz (BTZ, also known as MLN51), assemble in the presence of RNA and ATP to form a stable complex, which persists on the nucleic acid during and after export to the cytoplasm (7). The crystal structure of the EJC has been previously determined, showing how the complex maintains a stable grip on the RNA (8, 9) . The current models of mammalian NMD envisage that the EJC associates in the nucleus with UPF3, which in turn recruits UPF2 at the cytoplasmic side of the nuclear envelope (10) (11) (12) (13) (14) . In the cytoplasm, the NMD pathway is activated when translation termination at a premature stop codon occurs at least 30 nucleotides upstream of an EJC. The trigger is the formation of the UPF1-UPF2-UPF3 surveillance complex, which assembles when UPF1 (bound with release factors at the stalled ribosome) and the downstream EJC-UPF3-UPF2 assembly are in the correct configuration to interact (15, 16) .
UPF3 is the physical link between the EJC core and the NMD machinery (13, 17) . At the N terminus, UPF3 contains a conserved RNA recognition motif (RRM) domain that mediates the interaction with the C-terminal MIF4G (middle portion of eIF4G) domain of UPF2 (18) . At the C terminus, human UPF3 contains a region that has been shown to interact with the EJC by coimmunoprecipitation assays and to induce NMD in tethering assays (19) . This region has also been involved in modulating the NMD efficiency of UPF3b and UPF3a, the two variants of UPF3 that are present on chromosome X and chromosome 13 (also known as UPF3X and UPF3, respectively) (10, 19, 20) . Three proteins in the EJC have been implicated in UPF3b binding by in vitro assays (17) . However, how the interaction is achieved and why the whole EJC is required is unclear. In this manuscript, we set out to understand the mechanism of recognition between the EJC and UPF3b by determining the crystal structure of a MAGO-Y14-eIF4AIII-BTZ-UPF3b-RNA-AMPPNP (adenylyl-imidodiphosphate) core complex.
Results and Discussion
Structure Determination and Quality. The human EJC core complex was reconstituted as described previously (7, 8) combining fulllength MAGO bound to the RRM domain of Y14, full-length eIF4AIII bound to the SELOR domain of BTZ (Fig. 1) , a U 15 RNA, AMPPNP, and magnesium ions. A complex of the EJC and a peptide encompassing the previously identified NMDfunctional domain of UPF3b (residues 421-434) (13) could be isolated by size-exclusion chromatography, but did not yield crystals. We proceeded by assembling the complex with full-length UPF3b instead of a peptide. Further addition of a UPF2 construct containing the UPF3b-binding domain ( Fig. 1) led to a relatively homogeneous EJC-UPF3b-UPF2 sample (Fig. S1 ). The hexameric protein complex was subjected to limited proteolysis using elastase in a protein:protease ratio of 100∶1 (wt∕wt), followed by gel filtration to separate the EJC-containing fractions for crystallization experiments (Fig. S1 ). Crystals from this sample preparation grew in a tetragonal space group with two molecules per asymmetric unit and diffracted to 3.4 Å resolution Author contributions: H.L.H. and E.C. designed research; G.B., J.E., C.B., J.S., and U.J. performed research; F.B. contributed new reagents/analytic tools; G.B., C.B., and J.S. analyzed data; and G.B. and E.C. wrote the paper.
at the Swiss Light Source (SLS) synchrotron. Mass spectrometry analysis of dissolved crystals indicated that a peptide corresponding to the sequence DRPAMQLYQPGAR of UPF3b (residues 422-433) was present together with the EJC core proteins. The intensity for the UPF3b peptide encompassed 93% of the signal given by UPF3b fragments in the Orbitrap mass spectrometry analysis.
The structure was solved by molecular replacement using the EJC coordinates as a search model and refined to an R free of 26.04%, R factor of 22.04%, and good stereochemistry (Fig. S2 ). The refined model consists of MAGO residues 4-146, Y14 residues 66-154, eIF4AIII residues 22-411, two segments of BTZ comprising residues 169-194 and 216-248, and the C-terminal region of UPF3b encompassing residues 418-432 (Fig. 1) . Other portions of the proteins are not present in the structure, and are either poorly ordered or were separated upon proteolysis. The structure also includes MgAMPPNP and eight bases of polyU RNA. The two independent copies of the complex present in the asymmetric unit are very similar, and superimpose with a rmsd of 0.26 Å on 678 Cα atoms. Here we describe complex 1 unless stated otherwise. Complex 2 is engaged in lattice contacts near the UPF3b-binding site and thus localized differences in side-chain orientations at this region might be due to crystal packing. The electron density maps for regions of the molecules discussed in the text are shown in Fig. S3 .
UPF3b Recognizes a Composite Surface on the EJC. UPF3b stretches over the EJC in an extended conformation ( Fig. 2A) . Upon UPF3b binding, the overall structure of the EJC remains essentially unchanged from the core complex previously described (8, 9) . In brief, the EJC assembles around the DEAD-box protein eIF4AIII (gray in Fig. 2A ). The two RecA-like domains of eIF4AIII are arranged in a closed conformation, sandwiching ATP on one side and forming the binding site for single-stranded RNA on the other. BTZ interacts with eIF4AIII mostly without defined secondary structure elements (red in Fig. 2A ). The N-terminal segment of BTZ visible in the electron density wraps around the second RecA-like domain of eIF4AIII, where it contacts MAGO and RNA. After a disordered linker of about 20 residues, BTZ extends onto the first RecA-like domain. MAGO and Y14 (Fig. 2A , blue and pink, respectively) form a structural unit whereby the Y14 RRM functions as a protein-binding domain rather than an RNA-binding domain (21) . MAGO-Y14 interacts with the second RecA-like domain of eIF4AIII and with residues at the cleft formed with the first RecA-like domain, effectively locking the closed RNA-bound state of the DEAD-box protein (8, 9, 22) .
As compared to the earlier EJC structures (8, 9) , an additional ribonucleotide could be modeled at both the 5′ and 3′ ends, consistently with the presence of 7-9 nucleotides fragments in the RNase protection pattern of the EJC (6, 7). The RNA makes a sharp kink in the ribose phosphate backbone both at the 5′ end between nucleotides 1 and 2 and at the 3′ end between nucleotides 7 and 8. The first nucleotide contacts BTZ residues Lys185 BTZ and Gly186 BTZ , while the uracyl base of U8 stacks against eIF4AIII at Val146 eIF4A3 .
UPF3b binds the EJC with a stretch of 15 residues that bury approximately 1.2% (350 Å 2 ) of the solvent-accessible surface area of the EJC. The EJC-binding segment of UPF3b ordered in the structure (residues 418-432) maps closely to the region which had been previously identified by tethering assays as the functionally important domain that is required to activate NMD [residues 421-434, (13)]. UPF3b interacts with MAGO-Y14 near the β2-β3 loop of the Y14 RRM and then stretches over the second RecA-like domain of eIF4AIII ( Fig. 2A) . UPF3b does not directly contact the RNA nor BTZ in the structure, consistent with previous results from RNase digestion and pull-down experiments (17) . UPF3b also does not contact ATP nor the first RecA-like domain of eIF4AIII.
UPF3b-EJC Recognition: Conserved Interactions at MAGO-Y14. UPF3b residues 418-425 bind MAGO-Y14. The N-terminal residues make a tight turn, with Arg419 UPF3b and Lys421 UPF3b contacting MAGO via long-range electrostatic interactions with Asp66 MAGO and Glu68 MAGO (Fig. 2B ). The structural data are consistent with previous in vitro studies, showing that the interaction of UPF3b with an EJC Asp66 MAGO ∕Glu68 MAGO mutant is impaired in pull-down assays (17) . Mutation of Asp66 MAGO ∕Glu68 MAGO and of the corresponding Arg419 UPF3b and Lys421 UPF3b also lead to a decrease in NMD activity in cell-based tethering assays (21, 23) .
Another positively charged residue of UPF3b, Arg423 UPF3b , contacts the β2-β3 loop of Y14 (Fig. 2B) . The aliphatic side chain of Arg423 UPF3b packs on one side against Tyr112 Y14 , engaging the guanidinium moiety in a typical amino-aromatic interaction with the π electrons of the phenyl ring. The hydrophobic environment of Arg423 UPF3b is completed on the other side by Ile418 UPF3b . The backbone of UPF3b in this region is stabilized by the side chains of Glu82 Y14 and Arg109 Y14 and the backbone of the Y14 β2-β3 loop is stabilized by the side chain of Asn420 UPF3b . This extensive network of interactions is crucial for UPF3b recognition. Mutating Arg423 UPF3b to Ala results in a loss-of-function effect in NMD tethering assays comparable to deleting the entire 421-434 segment of UPF3b (13) . The structural data also rationalize why mutating the corresponding Glu82 Y14 ∕Glu83 Y14 in the EJC impairs the interaction with UPF3b in in vitro assays (17) .
UPF3b-EJC Recognition: Conserved Interactions at eIF4AIII. Beyond Ala425 UPF3b , UPF3b crosses over to reach eIF4AIII. In particular, Met426 UPF3b and Leu428 UPF3b contact the hydrophobic surface that connects MAGO-Y14 and eIF4AIII. The side chains of Tyr429 UPF3b and Pro431 UPF3b nestle into a hydrophobic pocket formed on the surface of eIF4AIII by Val256 eIF4A3 , Thr267 eIF4A3 , Met403 eIF4A3 , and Met405 eIF4A3 (Fig. 2C ). Met405 eIF4A3 undergoes a prominent conformational change, moving from the position in the unbound EJC structure (where it would clash with UPF3b) to a conformation where it wraps around UPF3b. Here, the hydroxyl group of Tyr429 UPF3b forms polar contacts with Thr267 eIF4A3 and Asp270 eIF4A3 , explaining why a Tyr429 UPF3b to Phe mutant has reduced NMD activity (13) .
The last residue with interpretable electron density of UPF3b (Gly432 UPF3b ) is positioned at the beginning of an α-helix of eIF4AIII that features conserved and solvent-exposed negatively Fig. 1 . Minimal interaction domains in the EJC-UPF3b structure. (A) Schematic representation of the domain arrangements of the human proteins used in this study. Color-filled areas identify structural domains, which include the two RecA-like domains of the DEAD-box protein eIF4AIII (in dark gray), the MAGO protein fold (in blue), the RRM domains of Y14 and UPF3b (in pink and green, respectively), and the three MIF4G domains (middle domain of eukaryotic initiation factor 4G) of UPF2 (in brown). The arrows and corresponding residue numbers indicate the constructs used for the biochemical reconstitution. The portions of the polypeptides ordered in the three-dimensional structure are shaded in light gray.
charged residues (Asp266 eIF4A3 , Asp270 eIF4A3 , and Asp273 eIF4A3 ) (Fig. S3) . The sequence downstream of Gly432 UPF3b features a stretch with three conserved positively charged residues (Arg434 UPF3b , Arg436 UPF3b , and Arg438 UPF3b ) (Fig. 3A) . Although no ordered electron density is present for this stretch of UPF3b, the structural and sequence features are compelling and point to a possible long-range electrostatic interaction. We therefore tested the importance of the conserved positively charged stretch of UPF3b. In tethering assays, a mutant containing three glutamic acid residues at positions 434, 436, and 438 has a drastic effect, comparable to the deletion of the entire 421-434 segment previously reported (13) (Fig. 3B) . We conclude that the conserved positively charged stretch of human UPF3b between residues 434 and 438 is involved in eliciting NMD.
Differences in UPF3b and UPF3a Binding to the EJC. Human UPF3a has also been shown to induce NMD in tethering assays, albeit to a lesser extent than UPF3b (10, 19, 20) . Using fluorescence anisotropy and surface plasmon resonance, we detect a reproducible but only subtle difference in affinity between the EJC-UPF3b and EJC-UPF3a interactions. Binding of the EJC in solution with a fluorescently labeled peptide encompassing residues 414-441 of human UPF3b results in a K d of 8.5 AE 3.8 μM (Fig. 3 A and C) , whereas the corresponding peptide encompassing residues 427-454 of human UPF3a results in a K d of 12 AE 3.3 μM (Fig. 3  A and C) . These results are consistent with the structural analysis, showing that the core EJC-interacting residues of UPF3b are conserved in UPF3a (Figs. 2 and 3A) . Substitution of two of the core residues of UPF3b to alanines (Arg423 at the Mago-Y14 interface and Tyr429 at the eIF4AIII interface) results in a severe loss of affinity in fluorescence anisotropy measurements (K d higher than 120 μM and 1 mM, respectively) (Fig. S4) .
A similar trend in affinities between the two UPF3 variants is observed when measuring the binding of the EJC to full-length GST-tagged UPF3 proteins immobilized on BIAcore chips (K d of 1.2 AE 0.4 μM for GST-UPF3b and of 2.7 AE 0.3 μM for GSTUPF3a) (Fig. S5) . The quantitative analysis by surface plasmon resonance also shows that the interaction of the UPF3 proteins with the EJC is characterized by fast on and off rates. As a comparison, the UPF3-UPF2 interaction has a K d in the low nanomolar range, with a slow on rate and very slow off rate (Fig. S6) . Although the relative difference between the EJCUPF3b and EJC-UPF3a interaction is comparable in the two experimental settings, the affinities measured by surface plasmon resonance are slightly higher than those obtained by fluorescence anisotropy. This might be attributed to the difference in methodology (for example, binding on a surface and in solution, respectively) and/or to the difference in the samples used (full-length proteins and peptides, respectively). In the latter case, peripheral residues in UPF3b outside of the 414-441 region would be expected to provide an additional, albeit minor, contribution to EJC binding. Interestingly, in this context, an additional segment of electron density separate from the 418-432 region of UPF3b became visible at the later stages of refinement in one of the two complexes in the asymmetric unit (complex 2, Fig. S3 ).
Although this additional segment of density is near lattice contacts, it is centered at a conserved residue (Arg329 eIF4A3 ) at the end of the negatively charged α-helix of eIF4AIII discussed previously (with Asp266 eIF4A3 , Asp270 eIF4A3 , and Asp273 eIF4A3 ). The features of the electron density and the chemical properties of the surface are consistent with a binding segment of three residues containing a negatively charged residue interacting with Arg329 eIF4A3 and a contiguous positively charged residue interacting with the free carboxyl group at the C terminus of eIF4AIII (Fig. S3B) . We tested reverse-charged mutations in NMD tethering assays of two compatible regions in human UPF3b (Glu454/ Arg455 and Glu258/Arg259), but observed no difference as compared to wild-type UPF3b (Fig. 3B) . It is possible that either three other residues of UPF3b or of BTZ from a symmetryrelated molecule might dock onto this surface.
Surface Hot Spot on eIF4A Paralogues Binds Specific Regulators. The second RecA-like domain of eIF4AIII interacts with UPF3b at a hydrophobic surface centered at Val256 eIF4A3 that is well conserved in the paralogues eIF4AI and eIF4AII. However, eIF4AI and eIF4AII do not bind UPF3 and are not involved in NMD. Instead, they bind eIF4G and are involved in translation initiation. Comparison of the human EJC-UPF3b structure with that of the yeast eIF4A-eIF4G complex (24) shows that eIF4G and UPF3b bind at the equivalent surface of the paralogue DEAD-box proteins (Fig. 4A) . In particular, Trp579 eIF4G is in the same structural position as Tyr429 UPF3b (Fig. 4A) (24) and is likewise crucial for binding (Fig. S4 ). This surface contributes only a portion of the intermolecular interactions observed in the eIF4A-eIF4G structure; eIF4G binds the second RecA domain at another region (centered at Arg312 eIF4A , corresponding to Arg329 eIF4A3 ) and binds also the first RecA domain (24) . Thus, although the second RecA domain in eIF4A paralogues has a hot spot for interactions that has been evolutionary conserved, specificity in the binding of different proteins is brought about by other contributing surfaces.
Interestingly, another DEAD-box helicase uses the same surface as a protein-binding site. The corresponding pocket in DDX6, a helicase that functions in translation repression and mRNA decapping, recognizes the FDF motif of the decapping activator EDC3. In particular, EDC3 positions Phe206 EDC3 at the same structural position as Tyr429 UPF3b (25) (Fig. S7) . The DDX6-FDF structure also featured additional density at Arg375 DDX6 (corresponding to Arg329 eIF4A3 ) that is due to a bound CAPS (3-cyclohexylaminopropane-1-sulfonic acid) molecule from the crystallization buffer (25) .
Common Surface of Y14 Binds Different NMD Proteins. The highly conserved β2-β3 loop of Y14 is exposed to solvent and is a binding site for both UPF3b and PYM, a protein involved in EJC disassembly (26, 27) (Fig. 4B) . The flanking negatively charged surface of MAGO, including the conserved and solvent-exposed Asp66 MAGO ∕Glu68 MAGO , is also used for binding both UPF3b and PYM (26) (Fig. 4B) , consistent with results from in vitro pull-down (17) and coimmunoprecipitation studies (23) . In the (Fig. 3A) . The data were fitted to a binding equation describing a single-site binding model. The best fit was plotted as a solid line (green for UPF3b and blue for UPF3a).
case of UPF3b, binding to MAGO-Y14 involves ∼200 Å 2 and includes only half of the interactions necessary for stable association, the other half being contributed by eIF4AIII. In the case of PYM, binding to MAGO-Y14 involves ∼700 Å 2 and includes all of the interactions necessary for a stable association. In the context of the EJC, PYM would clash with the surface residues of eIF4AIII that are used for UPF3b binding (Met403 eIF4A3 and Met405 eIF4A3 ) (8) , and this structural prediction can be recapitulated biochemically (17) . Thus, although UPF3b and PYM recognize the same surface of MAGO-Y14, UPF3b associates stably only in the presence of other EJC components, whereas PYM associates only in their absence.
Conclusions
The structure of the core EJC-UPF3b complex reveals how the C terminus of UPF3b interacts with a composite binding surface of the EJC consisting of MAGO-Y14 and of the second RecA domain of eIF4AIII. Although UPF3b does not contact the first RecA domain nor ATP or RNA, the appropriate geometry of the UPF3b-binding sites requires that the domains involved are in the conformation of the fully assembled EJC. The structure of the EJC remains essentially unaltered upon UPF3b binding.
The EJC thus appears to function as a rather rigid platform for the recruitment of additional proteins. UPF3b binds to the EJC with relatively low affinity (in the low micromolar range) as measured by both fluorescence anisotropy and surface plasmon resonance. This is consistent with the structural analysis, showing that only a small fraction of the overall accessible surface area of the EJC is used to bind UPF3b. On one side, this implies that other EJC-binding proteins might be able to access the complex and exert their function in the presence of UPF3b. On the other, UPF3b binding occurs at a surface of MAGO-Y14 that is used to bind other proteins including PYM (26) and Importin 13 (28) . This suggests a mechanism whereby mutually exclusive binding sites impart a sequential order in the interactions in the NMD pathway. In addition, UPF3b binds eIF4AIII at a hydrophobic pocket (centered at Val256 eIF4A3 ) that is used by its paralogues eIF4AI/II and the more divergent helicase DDX6 to recruit their specific regulators. Comparison of the EJC-UPF3b structure with that of eIF4A-eIF4G (24) and DDX6-FDF (25) also points to the presence of a second hot spot for interactions on eIF4AIII (centered at Arg329 eIF4A3 ). We speculate that this surface patch might be exploited to recruit other proteins to the EJC platform. Unraveling the complete interaction network centered on the EJC will be required to fully understand how this complex exerts its multiple roles on posttranscriptional regulation of mRNAs in metazoa.
Experimental Procedures Protein Purification. The EJC complex was reconstituted as described previously (8) . Human full-length UPF3b (1-470) and human UPF2 (residues 761-1054) were expressed as recombinant His-tagged [Tobacco Etch Virus (TEV)-cleavable] proteins using Escherichia coli BL21-Gold (DE3) pLysS cells (Stratagene), Terrific Broth (TB) medium, and overnight induction at room temperature. The cells were lysed in 20 mM Tris · HCl pH 7.5, 250 mM KCl, 20 mM imidazole, 10% glycerol, 3 mM MgCl 2 , 1 mM ß-mercaptoethanol supplemented with protease inhibitors (Roche), and the His-tagged proteins were purified by affinity chromatography on nickel resin. After cleaving the His-tag with TEV protease during overnight dialysis in lysis buffer, UPF3b and UPF2 were further purified on nickel-beads and a Heparin Sepharose CL-4B column (GE Healthcare).
The EJC-UPF3b-UPF2 complex was formed by incubating the purified proteins at 4°C in 20 mM Tris · HCl pH 7.5, 300 mM NaCl, 3 mM MgCl 2 , 10% glycerol, and 1 mM DTT (gel-filtration buffer), using a 1.5 M excess of UPF3b and UPF2. The complex was purified by size-exclusion chromatography (Superdex 200 GE Healthcare). For limited proteolysis, the complex was incubated 1.3 mg∕mL for 1 h on ice in presence of elastase (Roche) at a 1∶100 (wt∕wt) enzyme to protein ratio. The reaction was stopped with 0.01 mM 4-(2-aminoethyl)-benzylsulfonyl fluoride hydrochloride (Pefabloc, Roche). The mixture was loaded on a gel-filtration column and the fractions containing the EJC were pooled and concentrated to 30 mg∕mL for crystallization.
For BIAcore experiments, full-length human UPF3b (residues 1-470) and UPF3a (1-476) were expressed as GST-fusion proteins using the same conditions described above and were purified on glutathione sepharose followed by a Heparin Sepharose CL-4B column and size-exclusion chromatography (Superdex 200 GE Healthcare) in gel-filtration buffer without glycerol.
Crystallization and Structure Determination. Crystals were grown at 18°C by vapor diffusion from drops formed by equal volumes of The surface of MAGO-Y14 is used for binding both UPF3b (green) and PYM (orange). The dark and light shades of MAGO and Y14 correspond to the UPF3b-bound structure and to the PYM-bound structure, respectively. The molecules are shown after optimal superimposition in an orientation that is turned 70°around a vertical axis and 50°degree around a horizontal axis as compared to the orientation in A.
complex at 30 mg∕mL and crystallization buffer (10% PEG 8000, 100 mM sodium cacodylate pH 6.5, 200 mM magnesium acetate). Small tetragonal crystals appeared after 2-3 weeks and were improved using microseeding, reaching a size of 80 × 30 × 30 μm. Crystals belong to the tetragonal space group P4ð1Þ2ð1Þ2 with cell dimensions a ¼ b ¼ 134.8 Å and c ¼ 227.3 Å, contain two EJC-UPF3b 418-432 complexes in the asymmetric unit, and have a solvent content of 53%. They were transferred to a stabilizing solution (15% PEG 8000, 100 mM sodium cacodylate pH 6.5, 200 mM magnesium acetate) containing 20% (vol∕vol) glycerol as a cryoprotectant. Data were collected at the PXII beamline of the SLS to 3.4 Å resolution. Intensities were integrated with Mosflm and scaled with Scala [CCP4 (29)] (Fig. S2) .
The structure was determined by molecular replacement using the program PHASER (30) and the EJC structure at 2.2 Å resolution (Protein Data Bank entry 2j0s) as a search model. Refinement was carried out with the program CNS (31), initially using strict noncrystallographic symmetry restraints between the two molecules of the asymmetric unit. Model building was carried out with the program COOT (32) . The Ramachandran plot statistics for the final model in Fig. S2 were calculated with the program Molprobity (29) .
Fluorescence Anisotropy (FA). FA measurements were carried out at 22°C on a Genios Pro (Tecan). Peptides corresponding to residues 414-441 of UPF3b and to residues 427-454 of UPF3a were labeled with 5-carboxy-fluorescein. The peptides were synthesized with a serine residue instead of Cys440 (UPF3b) and Cys453 (UPF3a). The peptides were diluted in the same buffer (40 mM Tris pH 7.5, 300 mM NaCl, and 3 mM MgCl 2 ) to a final concentration of 13.5 nM in 50 μL-well plate. They were incubated with various EJC concentrations for 10 min prior to the measurements. Fluorescence anisotropy was measured by exciting at 485 nm and monitoring the emission at 535 nm. The integration time was 40 μs with 10 reads per well and repeated three times. FA data collection was controlled using the Magelan software. Measurements were made in triplicate and the G factor deviation was <5%. The data were analyzed using nonlinear regression fitting of the data for a single site binding model using the Origin software.
Tethering Assays. HeLa cells were grown in DMEM supplemented with 10% FCS and transfected with calcium phosphate by standard methods. For tethering assays, cells were cotransfected in 6 cm culture dishes with 10 μg β-globin 4boxB reporter (13), 1 μg of the β-globin control (wt þ 300 þ e3, ref. 13) , and 10 μg of plasmids expressing λN-UPF3b fusion proteins. Total RNAs were extracted by the TriReagent method (Euromedex), separated on 1.2% denaturing formaldehyde agarose gels (10 μg∕lane), and blotted onto positively charged membranes (Genescreen Plus, NEN Life Science). Specific body-radiolabeled DNA probes for β-globin were generated by unidirectional PCR using standard methods. Signals were quantified with a Fuji FLA-3000 apparatus. Fig. S1 . Purification of a minimal complex of the exon junction complex (EJC) with UPF3b for crystallization. The peaks of the final size-exclusion chromatography purifications of the intact and proteolyzed EJC-UPF3b-UPF2 complexes were separated on a 10% (wt∕vol) acrylamide SDS-PAGE gel (lanes 1 and 2, respectively) together with a protein marker (left lane), and stained with Coomassie. The corresponding protein constructs are labeled on the right. Crystals were obtained from the EJC-containing mixture in lane 2 (note that the presence of low molecular weight peptides is not assessed in this type of gel). Dots indicate fragments of Up-frameshift proteins (UPF) that peaked at a shoulder in the chromatogram and could not be separated from the peak fractions. Fig. 2B. (B) Stereo ribbon representation of the interaction between UPF3b and eIF4AIII (gray) (from complex 2) together with the 2fo-fc map, contoured at 1.0 s showing the electron density after UPF3b was modeled. The molecules are viewed in a similar orientation to that used in Fig. 2C . In addition, the electron density observed close to the conserved Arg329 eIF4A3 is shown, fitted with an Arg-Glu-Ala sequence. Notice that at this resolution it is not possible to assess the direction of the main chain for such a small segment of electron density, neither from the features of the electron density nor from the R free. Fig. S4 . Low-affinity binding between UPF3b mutated peptides and the EJC. Binding of the EJC to UPF3b mutated peptides (residues 414-441) Y429A or R423A in solution as measured by fluorescence anisotropy. The peptides were labeled with fluorescein at the carboxy terminus, and for labeling purposes a serine was introduced in place of the nonconserved cysteine residue at position 440. The affinity was determined as indicated in Fig. 3C . Fig. S5 . Binding of the EJC to full-length UPF3b or UPF3a proteins as measured by surface plasmon resonance (BIAcore). Full-length GST-UPF3b (Left) and GST UPF3a (Right) were immobilized on chip surfaces coated with anti-GST antibody. Purified EJC was injected at different concentrations. The horizontal axis of the sensorgrams indicates the time (seconds) and the vertical axis indicates the RUs. Each dissociation constant (K d ) was obtained from at least four separate experiments and derived using a bimolecular interaction model. The experiments were carried out at 25°C using a BIAcore 3000 (GE Healthcare). Full-length GST-UPF3 was immobilized on CM5 chip surfaces coated with anti-GST antibody. Approximately 10,000 RUs of anti-GST were immobilized using an amine coupling procedure with 30 μg∕mL antibody at 5 μL per minute in 10 mM sodium acetate at pH 5.0. The anti-GST chips were then derivatized with 100-150 RUs of GST-tagged UPF3 in running buffer (40 mM Tris · HCl pH 7.5, 300 mM NaCl, and 1 mM DTT, 0.05% Tween 20) . Purified UPF2 (residues 761-1227) was injected at different concentrations at a flow rate of 30 μL∕ min in running buffer. An anti-GST flow cell was used as control. The horizontal axis of the sensorgrams indicates the time (seconds) and the vertical axis indicates the RUs. Each dissociation constant (K d ) was obtained from at least four separate experiments and derived using a bimolecular interaction model using the Origin software. Fig. S7 . Protein recognition at similar molecular surfaces. The surfaces of eIF4AIII (gray) and DDX6 (yellow) are shown (after optimal superimposition) bound to the corresponding interacting proteins, UPF3b and EDC3 (light brown). The close-up view shows the same structural position for Tyr429 UPF3b and Phe206 EDC3 . The structures are shown after optimal superimposition in the same orientation as in Fig. 4A .
